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RPF:	frontier-wide	issues	
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★	There	are	several	fundamental	physics	questions	addressed	by	RPF

- the	origin	of	flavor,	generations,	and	quark	and	lepton	mass	hierarchies

- the	exploitation	of	flavor	decays	as	precision	probes	of	all	the	sectors	of	the	Standard	Model	
and	windows	to	new	physics	


- the	motivation	underlying	discrete	SM	symmetries	and	mechanisms	for	symmetry	breaking

- the	origin	of	baryon	and	lepton	number	violation	and	connections	to	the	baryon	asymmetry	of	
the	universe


- probe	the	physics	of	the	dark	sector	available	at	high-intensity	machines	

- develop	a	deeper	understanding	of	non-perturbative	QCD	using	the	rich	landscape	of	
conventional	and	exotic	hadrons	


★	Most	of	those	questions	are	studied	with	small	and	medium-sized	experiments	
see	B.	Bernstein’s	talk
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RPF	science	drivers	and	experiments

★	The	exact	definition	of	the	“size”	of	the	experiment	affects	classification	in	RPF

- physical	size?	cost	(include	operations?	computing?	personnel?)?

medium

medium

medium
small/medium

small

small/medium

medium

AMF:	large

see	B.	Bernstein’s	talk

see	B.	Bernstein’s	talk
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Muons	as	tools	to	discover	New	Physics

Crivellin,	Hoferichter

P.	Koppenburg

-  other lepton-flavor conserving processes

- magnetic properties: muon g-2 


- currently a discrepancy theory/exp

- electric properties: muon EDM


- probes CP-violation in leptons

- muonic hydrogen 


- proton size/QED/New Physics

★	Many	experimental	anomalies	involve	interactions	of	muons
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Muon	conversion:	basic	idea

p ⇠ r2`Z3

★	Basic	idea	for	a	muon	conversion	experiment


★	take	low	energy	muons	(~	30	MeV)	and	stop	them	in	a	
target	A(Z,A-Z):	muons	cascade	to	atomic	1s	state


★	Binding	energy	and	orbit	radius	for	muonic	hydrogen-like	
state


★	Radial	wave	function	for	hydrogen-like	system:

														overlap	probability:


Eb = �Z2me4

8n2
⇠ Z2m

n2

r =
n2

Z⇡me2
⇠ n2

Zm

µ- 

A

muonic	atom	is	200x	stronger	bound

radius	is	200x	smaller

Rnl ⇠ r`Z3/2

Rµe =
� [µ� + (A, Z)! e� + (A, Z)]

� [µ� + (A, Z)! ⌫µ + (A, Z � 1)]

large	overlap	for	an	
s-wave	and	high-Z	

nucleus

Measure to	probe	NP

µ- 

AAl
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Bound	states:	muon	conversion

negligible   95.56  MeV 10.08 MeV .0726 µs ~0.8-1.5 Au(79,~197) 

0.16 

0.45 

Prob decay 
>700 ns 

104.18 MeV 

104.97 MeV 

Conversion 
Electron Energy 

1.36 MeV .328 µs 1.7 Ti(22,~48) 

0.47 MeV .88 µs 1.0 Al(13,27) 

Atomic Bind. 
Energy(1s) 

Bound 
lifetime 

Rµe(Z) / 
Rµe(Al) 

Nucleus 

★	Examples	of	nuclei	suitable	for	muon	conversion	experiments

★	The	experiment	is	tricky

Czarnecki, Marciano, Tormo

J. Miller, 2006

✓	Muon	conversion	gives	monoenergetic	electrons...

✓	...	yet,	there	are	other	sources	of	electrons	


as	well!	

   - decay (40%)ee µµ ν ν− −→ + +
   - capture (60%)XAl µµ ν− → ++

   - conversionAl e Alµ− −+ → +

SINDRUM II (PSI), 2006 : Rµe < 7⇥ 10�13

M2e goal : Rµe < a few⇥ 10�17
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Muon	experiments
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	or	 	SINDRUM	II10−4

	or	 	SINDRUM	II10−5

	or	 	SINDRUM	II10−6

Advanced	Muon	Facility	(AMF)	at	PIP-II:	all	muon	
channels	at	one	facility:

current	upper	limit

probing	mass	scales	~	 	TeV104
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Advanced	Muon	Facility	(AMF)	at	FNAL

1

★	The	Advanced	Muon	Facility	would	employ	PIP-II	to	enable	

- CLFV	in	all	three	muon	modes	( ,	 ,	 ):	
a	world-leading	facility	

- two	new	small	rings	for	 	and	 	
at	high-Z	and	additional	x100	in	rate	


- x100-1000	more	beam	for	 	and	 	than	are	
possible	at	PSI	


- a	possible	DM	experiment	

- possible	muonium-antimuonium	oscillation	experiment

- possible	atomic	physics	studies	with	muonia

- possible	muon	EDM	experiment


★	Technical	challenges	directly	related	to	muon	collider	R&D

- PIP-II,	compressor	ring,	fixed-field	alternating	gradient	ring,	
experiments

μN → eN μ → eγ μ → 3e

μ−N → e−N μ−N → e+N′￼

μ → eγ μ → 3e

see	arXiv:	2203.08278	[hep-ex]

L.	Merminga

AMF R&D	and	construction:	late	30’s
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Muon	conversion

• How	effective	is	this	approach	compared	to	scattering?	

– let’s	compute	effective	luminosity

– recall	that	


– in	this	“experiment”	the	probability	density	is	given	by	the	1s	wave	function	

– …	and	we	need	to	take	into	account	the	fact	that	muon	decays

– Then	luminosity	=	(density)(velocity)(flux	of	muons)(lifetime)	


– For	Al	target	(Z=13),	flux	of	 	muons/sec	and	 secΦμ = 1010 τμ = 2 μ

<latexit sha1_base64="dn0hdZHO70HwzjpcTizXW/CTJ/4="></latexit>
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Bernstein, Czarnecki

Al
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Muon	facilities
• A	possibility	of	using	muon	beams	at	CMP	facilities

- Muonium Antimuonium 
Conversion Experiment 
(MACE) EMuS at CSNS

Jian Tang, talk at RPPM meeting (Snowmass 2021) 

-2



Alexey A Petrov (WSU/USC) Snowmass: Large Experiments and Facilities-3

Muon	conversion:	high	energy	vs	low	energy

⇠ O(↵2) ⇠ O(mu or md)

★	FCNC	Higgs	model	&	muon	conversion/quarkonium	decays

e.g.

★ 	Ex.2	Exceptional	couplings	of	(flavor-diagonal)	NP	to	third	
generation																																				->	flavor	“anomalies”

Barr-Zee type tree level 

(note suppression of light quark couplings)

★	Leptonic	FCNC	could	be	generated	by	New	Physics

★	Ex.1	FCNC	Higgs	decays	H	→	μe,	τe,	etc.: Harnik, Kopp, 
Zupan

Glashow, 
Guadagnoli, Lane

★	Ex.3	Leptoquarks		->	flavor	“anomalies”

Number of possible models > number of model builders
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Heavy	flavor	factories:	medium	size,	large	scope

Di Canto, Meinel
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Heavy	flavor	factories:	medium	size,	large	scope

Di Canto, Meinel
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Heavy	flavor	factories:	medium	size,	large	scope

Di Canto, Meinel
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Heavy	flavor	factories:	medium	size,	large	scope

Di Canto, Meinel
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Heavy	flavor	factories:	medium	size,	large	scope

Di Canto, Meinel


